A synthetic gene for human epidermal growth factor (hEGF) was joined to a sequence encoding the signal peptide of Escherichia coli alkaline phosphatase. This hybrid gene was placed under the control of the alkaline phosphatase gene (phoA) promoter in a recombinant plasmid, which was used to transfectE. coli. The hybrid protein that was expressed in host cells under conditions of phosphate limitation was processed accurately during the secretion process, and mature hEGF was recovered in the periplasmic fraction. On
Most secreted proteins in prokaryotic as well as eukaryotic cells are initially synthesized as precursor proteins that have an amino-terminal extension, a so-called signal peptide. Although amino acid sequences of these signal peptides are seldom identical (1) , they consist mainly of hydrophobic residues and are specifically removed by a "signal peptidase." Many studies have been done to elucidate these secretion and subsequent cleavage mechanisms in the hope of establishing a general method that would allow Escherichia coli to secrete foreign gene products. Several hypotheses as to the exact nature of this secretory mechanism have also been advanced, including the signal hypothesis (2) , the direct-transfer model (3) , and the membrane-trigger hypothesis (4) . It is expected that even foreign gene products will be secreted by bacteria if accompanied by a bacterial signal peptide. Indeed, Gilbert and co-workers (5, 6) reported that >90% ofthe immunologically detected rat insulin appeared in the periplasmic space of E. coli when the rat preproinsulin gene was inserted into the bacterial prepenicillinase gene at the proper place. It thus appeared that the bacteria correctly cleaved both bacterial and eukaryotic signal peptides from these hybrid proteins. Inouye and co-workers (7) showed that ,f3lactamase with the authentic amino-terminal sequence accumulated in the periplasmic space when its precursor was accompanied by the OmpA signal peptide.
Such attempts, however, have not always been successful. For example, a hybrid protein between the penicillinase signal peptide and the chicken triose phosphatase was neither secreted nor processed (8) . A fusion protein between bacterial pre-alkaline phosphatase (pre-APase) and human aneoendorphin remained in the cytoplasm in spite of the removal of its signal peptide (9) . These results indicated that further studies were needed to clarify the secretion mechanism and to ensure the secretion of foreign gene products by E. coli.
FIG. 1. Structure of secretion vector pTA1529. It was derived from pBR322 and the promoter and signal sequence of the E. coli phoA gene. The codon for the first methionine of the signal peptide is not ATG but GTG (13) . The carboxyl terminus of the phoA signal peptide is indicated by an arrow. a.a., amino acids; bla, P-lactamase gene.
When E. coli is grown in medium with a low concentration of inorganic phosphate, APase is synthesized in large amounts and is secreted across the inner membrane into the periplasmic space (10) . Like other secreted proteins, APase is synthesized as a precursor form with a signal peptide at its amino terminus (11) . Recently we have constructed "secretion" vectors encoding a promoter and the signal peptide of the APase gene (phoA) (12) . These vectors have single HindIII restriction sites at the 3' end of the phoA signal sequence. A foreign structural gene can easily be inserted into this HindIII restriction site to construct a hybrid gene that has neither an insertion nor a deletion between the phoA signal sequence and the foreign structural gene (Fig. 1 ). Furthermore, the phoA promoter in plasmids works well to express foreign genes under conditions of phosphate limitation (12) and is controlled completely by a number of genes that participate in the regulation of phoA (13) . These characteristics of our vectors are quite useful for genetic engineering aimed at the production of a variety of foreign peptides.
Human epidermal growth factor (hEGF), which is considered to be identical with human urogastrone (14) , is a polypeptide hormone comprised of 53 amino acids. It is a potent inhibitor of gastric acid secretion (15) and promotes epithelial cell proliferation both in vitro and in vivo (16) . We Abbreviations: hEGF, human epidermal growth factor; mEGF, murine EGF; APase, alkaline phosphatase; bp, base pair(s); kb, kilobase(s).
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MATERIALS AND METHODS
All restriction endonucleases, T4 DNA polymerase, T4 polynucleotide kinase, and T4 DNA ligase were purchased from Takara Schuzo (Kyoto, Japan). Enzyme reactions were carried out under conditions described by the supplier. E. coli strains C600 (Fr-leu thi thr lacY supE44 recBC tonA) and YK537 (F-leuB6 thi hsdR hsdM lacY rpsL20 galK2 ara-14 xyl-5 Mitl-i supE44 endI-phoA8 recAl) were used as host cells. High-phosphate medium (TG+20) and low-phosphate medium (TG+ 1) contained 640 ILM KH2PO4 and 32 ILM KH2PO4, respectively, as described (17) . Transformation and plasmid DNA preparation was carried out as described in a laboratory manual (18) . Synthetic oligodeoxynucleotides were prepared by a solid-phase method (19) .
Chemical Synthesis of an hEGF Gene. Phosphorylated oligodeoxynucleotides (100 pmol) constituting each block were mixed and treated with T4 DNA ligase (800 units) at 14WC overnight to construct block A and block B (Fig. 2 ) as described (20) . The blocks were purified by electrophoresis in 5% polyacrylamide gel, ligated by T4 DNA ligase (500 units), and digested with EcoRI (15 units) and Sal I (15 units). The reaction mixture then was electrophoresed in a 5% polyacrylamide gel and the target fragment [160 base pairs (bp)] was eluted from the gel and inserted into the EcoRI-Sal I site of pBR322. The nucleotide sequence of the resulting plasmid, pTA1002, was confirmed (data not shown) by the method of Maxam and Gilbert (21) .
Construction of pTA1522 and pTA1502. As shown in Fig.   3a , the pTA1529 DNA (2 pmol) was cleaved with HindIII (15 units), treated with T4 DNA polymerase (5 units) to repair the cohesive ends, and digested with Sal I (15 units), and the desired fragment was purified by low-melting-agarose gel electrophoresis. The hEGF gene was excised from pTA1002 (2 pmol) in the same way and ligated with the large Sal I-HindIII fragment of pTA1529 by T4 DNA ligase (700 units) at 14WC for 14 hr to construct the hEGF secretion vector pTA1522. A direct expression vector for hEGF, pTA1502, was constructed from the EcoRI-Bgl II fragment ofpTA1002, the short Aat II-Rsa I fragment and the large Aat II-Bgl II fragment of pTA1522 (2 pmol of each), and a synthetic linker (10 pmol). The synthetic linker fragment was used without phosphorylation at 5' ends to prevent self-polymerization.
The structure and the nucleotide sequence of these recombinant plasmids were confirmed by restriction map analysis and the method ofMaxam and Gilbert (21) , respectively (data not shown).
Recovery and Assay of hEGF. E. coli C600 or YK537 carrying pTA1522 was cultivated in 200 ml of TG + 20 medium at 37°C overnight. Cells were collected by centrifugation, resuspended in 200 ml of TG+1 medium, and grown under the condition indicated in Table 1 . A portion (20 ml) ofculture was collected by centrifugation and cells were suspended in 5 ml of 20% (wt/vol) sucrose/30 mM Tris Cl, pH 8.0/1 mM EDTA for 10 min at room temperature. Cells were collected by centrifugation and rapidly mixed with 3 ml of cold water. The suspension was gently stirred in an ice bath for 10 min and the supernatant fluid, the cold water wash (22) , was subjected to EGF assay. Cell lysates were prepared by the freeze-thaw method as described (12) . The hEGF assay was carried out using human KB cells and 125I-labeled murine EGF (mEGF) as described (20) .
Amino Acid Analysis. The amino acid composition of the secreted hEGF was determined after hydrolysis for 20 hr at 110°C in 6 M HCL. For sequence analysis, Edman degradation was carried out with a model 470A protein sequencer (Applied Biosystems, Foster City, CA) and an LC-4A HPLC system (Shimadzu, Kyoto, Japan).
RESULTS
A DNA duplex coding for the 53 amino acids of hEGF (Fig.  2 ) was designed and constructed as described (20) . The direct-expression vector (pTA1502) and the secretion vector (pTA1522) for the hEGF gene were constructed as shown in Fig. 3a . These plasmids were transferred to E. coli in the usual way (18) . Resulting clones were cultivated in TG+20 medium (high-phosphate condition) overnight and then were collected by centrifugation and cultivated in TG+ 1 medium (low-phosphate condition, phoA induced) (17) . In the lowphosphate condition, it was expected that hEGF with an amino-terminal methionine residue would be expressed from pTA1502 and that a fusion protein consisting of phoA signal peptide and hEGF would be expressed from pTA1522 under the control of the phoA promoter.
The cell lysate and the periplasmic fractions prepared by the osmotic-shock procedure (22) were assayed for hEGF by a radioligand-receptor assay using '25I-labeled mEGF as a competitive inhibitor (Table 1 ). It is known that hEGF competes with mEGF for binding to its plasma membrane receptor in target cells (23) . In this assay, the specific activity of the highly purified hEGF was almost equivalent to that of mEGF (unpublished data).
When E. coli C600 strain carrying the secretion vector pTA1522 was cultivated at 37°C under the low-phosphate condition for 6 hr, 212 ug of hEGF/liter culture was recov- ered in the cold-water wash of the cells after the osmoticshock procedure. When YK537 instead of C600 was used as host, 1026 ug of hEGF/liter of culture was recovered in the cold-water wash. Since the cell lysate yielded 1055 pg/liter of culture, most of the hEGF synthesized by YK537 was in the periplasmic space. Even higher recovery of the secreted hEGF (2413 pg/liter of culture) was achieved when the incubation period was extended to 9 hr at 300C. In contrast, only 21.2 pg of hEGF/liter of culture Was recovered in the cell lysate when YK537 carrying the direct-expression vector pTA1502 was treated in the same way.
To obtain highly purified hEGF in quantity sufficient for amino acid sequence determination and for studies on the mechanism ofits biological actions, E. coli YK537 (pTA1522) was cultivated in 1.2 liters of a synthetic medium (17) . After the osmotic-shock procedure, lyophilized products containing 50 mg of protein and 1.48 mg of hEGF were applied to a Sephadex G-50 column. Fractions were analyzed for hEGF by the radioligand-receptor assay. A typical elution profile is shown in Fig. 4a . Most of the material absorbing at 280 nm was eluted in two peaks, and hEGF was eluted between these peaks. The peak fractions of hEGF were pooled and lyophilized. The dry residue was dissolved in water and applied to a ,uBondapak C18 reversed-phase column. hEGF activity was found in a fraction of the eluate corresponding to the major A2w peak in the elution profile (Fig. 4b ).
The hEGF obtained by the two purification steps described above gave only one discrete band in NaDodSO4/PAGE (data not shown). Amino acid analysis ( Table 2 ) and aminoterminal sequence analysis (data not shown) of the purified protein indicated that authentic hEGF was produced by E. coli.
DISCUSSION
In another set of experiments, a synthetic gene coding for [Leu21]hEGF was inserted into a lacZ fusion-gene expression vector and cloned in E. coli (20) . In the cloned cells, the f-galactosidase/hEGF gene was efficiently expressed, and the yield of the hybrid protein reached 10% of the total tBased on radioligand-receptor assay. cellular protein. However, CNBr cleavage of hEGF from the fused protein gave a final yield of hEGF below our expectations.
We have shown here that hEGF with the APase signal peptide at its amino-terminal end was secreted into the periplasmic space and processed precisely by E. coli and that nearly all ofthe processed hEGF synthesized by E. coli could be recovered in the cold-water wash of the cells after the osmotic-shock procedure.
As we expected, hEGF was recovered in the cold-water wash when the hEGF gene with the phoA signal sequence at its 5' end (pTA1522) was expressed under the control of the phoA promoter. However, the amount of hEGF recovered in A transformant E. coli strain, YK537(pTA1522), was cultivated in 1.2 liters of TG+1 medium for 6 hr at 37°C. Cells were harvested and treated with 100 ml of osmotic-shock buffer and then with 100 ml of cold water (16) . (a) Lyophilized products were dissolved in 6 ml of 25 mM ammonium acetate (pH 5.8), applied to a Sephadex G-50 column (2.5 x 90 cm; particle size, 50-150 ,um), and eluted with the same buffer. Fractions Fraction containing hEGF is indicated by a small bar below the major A2N peak. tFive aspartic acid residues and two asparagine residues (see Fig. 2 ). §Four glutamic acid residues and one glutamine residue (see Fig. 2 ).
IDetermined as cysteic acid after peformic acid oxidation.
II Determined after hydrolysis with 3% thioglycolic acid/5.8 M HCL.
the cold-water wash was less when E. coli C600 was used as host instead of YK537. A low yield also was obtained when E. coli C-la, a wild-type strain, was used as host (data not shown). Under the condition of phosphate limitation, not only the signal peptide-hEGF hybrid protein but also pre-APase encoded by chromosomal phoA are synthesized. Since these proteins have the same signal peptide, it is probable that they competed with each other during secretion/processing, so that the secretion of hEGF was inhibited. Ito et al. (24) proposed that most of the periplasmic and outer-membrane proteins share a common site for their export. Therefore, we thought that the amount of hEGF recoverable in the periplasmic fraction might be increased by the use ofa mutant ofE. coli lacking APase. For this reason, the hEGF secretion vector pTA1522 was transferred to E. coli YK537, which is a mutant strain lacking APase. Indeed, when the resulting clone YK537(pTA1522) was cultivated under the low-phosphate condition, the yield of hEGF in the cold-water wash was =5-fold greater than that obtained with C600 or C-la carrying the same plasmid (Table 1 and data not shown). However, the possibility remains that the increased yield thought to be due to the absence of APase might actually be due to a mutation on the secretory apparatus of YK537.
Some proteases are known to be present in the periplasmic space (25) , and it is expected that their activities can be reduced by lowering the incubation temperature. Indeed, 9 hr of incubation at 30°C under phosphate-limitation resulted in a 2-fold increase in the amount of secreted hEGF over that secreted at 37°C (26), to 2413 ,g/liter of culture or 1.8 x 105 molecules per cell (Table 1) . Thus, to increase the amount of foreign gene products accumulated in the periplasmic space, it seems a good strategy to lower the incubation temperature.
The amino acid composition and amino acid sequence of the purified hEGF agreed completely with that of human urogastrone presented by Gregory (14) . These results indicated that the signal peptide-hEGF fusion protein was processed precisely by a signal peptidase of E. coli and that the mature hEGF was secreted into the periplasmic space. Hitzeman et al. (27) reported that a significant amount of interferon was recovered in growth medium when a gene encoding preinterferon was expressed in yeast cells, but the processing did not occur correctly. We found very small receptor-assay-positive peaks around the main peak when the lyophilized material from the osmotic-shock procedure was applied to a DE-52 cellulose column (unpublished data). However, the combined activity of these minor peaks was <5% of the total. We believe that these peaks represented small amounts of hEGF still retaining the signal peptide as well as various inaccurately processed hEGFs.
The hEGF produced and secreted by E. coli was comparable in its biological activity to human urogastrone and mEGF (unpublished data). These findings are compatible with the secreted hEGF having acquired the authentic conformation with three disulfide bridges per molecule. The precursor molecules ofmEGF and probably also ofhEGF are quite large (28) , but our results suggest that the mature hEGF can assume its proper conformation without the benefit of a large precursor.
We also constructed a direct-expression vector pTA1502, in which the hEGF gene without the phoA signal sequence was expressed under the control of the phoA promoter. The nucleotide sequence of the 5' noncoding region was exactly the same as that of the hEGF secretion vector pTA1522 (Fig.  3b ). Although the phoA promoter was strong enough to express foreign genes (12) and the clones carrying pTA1502 were treated in the same way as described above, no hEGF was recovered in the cold-water wash and only 21.2 Zg of hEGF/liter of culture was present in the cell lysate ( Table 1) . The yield observed in the cell lysate may have been low because of protease activity in the cytoplasm. This assumption is supported by reports that foreign peptides, especially rather short peptides, expressed in E. coli are degraded rapidly (29, 30) and that molecules transported to the periplasmic space are at least 10 times more stable than those that remain in the cytoplasm (31) .
We have shown that the secretory apparatus of E. coli functions well in the secretion of a human polypeptide derived from a bacterially synthesized precursor with the E. coli signal-peptide sequence. The secretion cloning system we have developed has significant advantages over other cloning systems. First, because the products accumulate in the periplasmic space, it is now possible to directly produce short peptides by bacterial cells. Second, the amino-terminal residues of the secreted peptide were identical to those of the natural peptide. Third, the osmotic-shock procedure is a simple method for obtaining the desired product. Fourth, purification of the products from the cold-water wash is easy and recovery is high because the periplasmic proteins comprise only 4% of the total proteins of E. coli (32) . Finally, it is possible that even peptides toxic to bacteria can be produced by this method.
